Abstract: Demand for green energy is in continuous growth. Wide band efficient wearable systems and antennas are crucial for energy harvesting wearable systems for medical and sport wearable sensors. Small harvesting antennas suffer from low efficiency. The efficiency of energy harvesting wearable systems may be improved by using active wearable harvesting systems with low power consumption. Amplifiers may be connected to the wearable antenna feed line to increase the system dynamic range. Novel active wearable harvesting systems are presented in this paper. Notch and Slot antennas are low profile and low cost and may be employed in energy harvesting wearable systems. The wearable harvesting system components are assembled on the same PCB. The notch and slot antennas bandwidth is up to 100% for VSWR better than 3:1. The slot antenna gain is around 3 dBi with efficiency higher than 90%. The antennas electrical parameters were computed in vicinity of the human body. The active antenna gain is 24 ± 2.5 dB for frequencies from 200 MHz to 900 MHz. The active antenna gain is 12.5 ± 2.5 dB for frequencies from 1 GHz to 3 GHz. The active slot antenna Noise Figure is 0.5 ± 0.3 dB for frequencies from 200 MHz to 3.3 GHz.
Introduction
In last decade, ambient energy in the forms of light, vibration, heat and radio waves is employed to produce electricity from these different kinds of power place batteries and power cables. It is important to receive the ambient RF power of multiple wireless systems to harvest as much energy as possible. In these cases, multiband and wideband antennas become crucial. Due to very low-received power densities, highly efficient radiators operating at specific frequency range and polarization states are employed. The preferred antenna radiation pattern should have a wide beam width.
Several printed antennas for harvesting energy applications were presented [1] - [8] . Small printed antennas are usually used in wearable communication and medical systems [9] - [35] . Electrical properties of human tissues have been investigated in [25] [26] . Human body effects on the electrical performance of wearable systems are investigated in this research. New wide band slot and notch antennas were developed for wearable harvesting energy applications. Printed slot and notch antennas are compact and has low production cost. Moreover, for active slot and notch antennas a compact low cost harvesting system may be developed by integrating the active components with the radiating elements on the same substrate. Wearable printed active antennas for harvesting energy applications are rarely presented in the literature. New wideband passive and active wearable antennas for harvesting energy applications are discussed in this paper. Amplifiers may be connected to the wearable antenna feed line to improve the system efficiency. Small light weight batteries supply the bias voltage to the active components of the energy harvesting devices. The proposed energy harvesting devices may be used in wearable wireless communication and medical systems. The active antenna bandwidth is around 200% for VSWR better than 3:1. The active antenna gain is 22 + 2.5 dB for frequencies from 200 MHz to 900 MHz. The active antenna gain is 12.5 + 2.5 dB for frequencies from 1 GHz to 3 GHz.
Active Energy Harvesting Concept
Electromagnetic energy propagating in free space may be captured, stored and employed to charge batteries and for other commercial applications. RF energy is inversely proportional to distance and therefore drops as the distance from a source is increased. Harvested power from RF energy sources is lower than 0.1 µW/cm 2 . Amplifiers may be connected to the wearable antenna feed line to improve the system efficiency. RF energy harvesting concept is shown in Figure 1 . A DC unit manages and controls the DC power in the proposed system. There is an increase in the amount of radio wave in the air. The expected amount of radio Wave in the air in 2017 is 11 Exa-bytes per month as listed in Table 1 . Today we can do more computations per KWh as listed in Table 2 . Light is the best harvesting source. Light harvested power is around 100 mW/cm 2 with around 10% to 20% energy conversion efficiency. Thermal harvested power is around 60 µW/cm 2 with around 0.1% to 3% energy conversion efficiency. RF harvested power is around 1 µW/cm 2 with around 50% to 60% energy conversion efficiency. The RF energy harvesting system consists of an antenna, a Rectifying circuit 
L fr represents propagation loss in free space. L at attenuation Losses in atmosphere, should also be included in the transmission equation.
Where,
The received power may be given as:
L pol are losses due to polarization mismatch. L r are losses associates with receiving antenna and with the receiver. Losses associates with the transmitting antenna as written as, L ta . 
where, t out t
The transmitting antenna power is P t . L t presents the losses between power source and the antenna. The Effective Isotropic Radiated Power is EIRP.
10 log dB
Loss in dB P r , received power, in dBm is given in Equation 4. P r is usually referred to as "Carrier Power". Mobile phone understandard 802.11 may transmit 30 dBm.
Cards with 802.11 PCMCIA transmit around 10 to 20 dBm.
Wideband Notch Antenna, 2 GHz to 7.8 GHz, for Energy Harvesting Applications
A wideband notch antenna was printed on dielectric substrate with dielectric constant of 2.2 and 1.2 mm thick.
The antenna dimensions are 116.4 × 71.4 mm, as shown in Figure 2 . The antenna bandwidth is around 100% for S11 lower than −6.5 dB, as presented in 
New Compact Wideband Active 0.5 GHz to 3 GHz Energy Harvesting System
Harvested power from RF transmitting links is usually lower than 0.1 µW/cm 2 .
Active antennas may improve the energy harvesting system efficiency. A wideband active notch antenna with fractal structure was printed on a 1.2 mm thick Table 3 . The amplifier complex S parameters are listed in Mini-Circuits datasheets TAV541. The active notch antenna S21 parameter, gain, is presented in Figure 6 . The active antenna gain is 22 ± 2.5 dB for frequencies ranging from 200 MHz to 900 MHz. The active antenna gain is 12.5 ± 2.5 dB for frequencies ranging from 1 GHz to 3 GHz. 
New Wideband Active 0.8 GHz to 5.4 GHz Energy Harvestzing Slot Antenna
A wide band T shape wearable slot antenna for energy harvesting applications is shown in Figure 11 . The antenna electrical parameters were computed by using momentum software [36] . The volume of the T shape slot antenna is 7 × 7 × 0.12 cm. The slot antenna center frequency is around 3 GHz. The computed S11 parameters are presented in Figure 12 . The antenna bandwidth is around 100% for VSWR better than 3:1. The antenna beam-width is around 138˚ at 1 GHz as shown in Figure 13 . The antenna gain is around 2.5 dBi. The antenna was designed also as an active antenna, see Figure 14 . The radiating element is connected to the LNA via an input matching network.
An output matching network connects the amplifier output port to a rectifying circuit. A DC bias network supplies the required voltages to the energy harvesting system. The amplifier complex S parameters is listed in Mini-Circuits Figure 11 . A wideband energy harvesting slot antenna. Figure 15 . The active antenna gain is 24 ± 2.5 dB for frequencies from 200 MHz to 900 MHz. The active antenna gain is 12.5 ± 2.5 dB for frequencies from 1 GHz to 3 GHz. Gain flatness may be improved to ±2 dB for frequencies from 0.2 GHz to 6 GHz by using an amplifier with ±2 dB gain flatness. The active slot antenna Noise Figure is 0.5 ± 0.3 dB for frequencies from 200 MHz to 3.0 GHz. The S11 parameters of the T shape slot on human body are presented in Figure 16 . The dielectric constant of stomach tissue is 45 see [25] [26]. The antenna was attached, in the stomach area, to a shirt with dielectric constant of 2.2 1mm thick.
Energy Harvesting Wearable Systems for Medical and Sport Applications
The antennas electrical performance on human body was investigated by using the model shown in Figure 17 . Properties of human body tissues are listed in [26] . These properties were used in the wearable system development. Several energy harvesting antennas may be assembled in a belt and attached to the human body as illustrated in Figure 18 . The bias voltage to the active elements is supplied by a compact recorder battery. The DC cables from each harvesting antenna are connected to a rechargeable battery. Several harvesting passive or active antennas may be inserted to a belt. The converted electromagnetic energy may be used to charge medical or commercial Body Area Networks, BANs.
Energy Harvesting Concept and Efficiency
As shown in Figure 1 the RF energy harvesting system consists of an antenna, a rectifying circuit and a rechargeable battery. The alternating current (AC), or electromagnetic energy is converted to direct current (DC) by using a rectifier.
Half wave rectifier or full wave rectifier may be used to convert electromagnetic energy to DC power. A Half wave rectifier is shown in Figure 19 . A half-wave rectifier conducts only during the positive half cycle. Only one half of an AC waveform pass through the load. The rectifier output DC voltage, ODC V , is given in Equation (5). The rectifier output voltage may be improved by connecting a capacitor in shunt to the resistor. The improved half wave rectifier is presented in Figure 20 . The time constant τ should be lower than T. Where, RC T τ =  . The half wave rectifier efficiency is 40.6% as presented in Equation (7) . In this case only 40.6% of the input electromagnetic power is converted into DC power.
The diode resistance rf is negligible compared to R. The bridge full wave rectifier is usually used for DC power conversion. It consists of four diodes D1 through D4, as shown in in Figure 21 . Terminal A will be positive during the positive input half cycle and terminal B will be negative. Diodes D1 and D2 conducts and 
The half wave rectifier efficiency is 81.2% as presented in Equation (8) . Only 81.2% of the input electromagnetic power is converted to DC power. Table   5 . Typical I-V curves of commercial schottky diodes are shown in Figure 23 . . Active antennas may improve the energy harvesting system efficiency.
However, all antennas presented in this paper can operate also as passive antennas. The active notch and slot antenna bandwidth is from 50% to 100% with VSWR better than 3:1. The slot antenna gain is around 3 dBi with efficiency higher than 90%. The antenna electrical parameters were computed in vicinity of the human body. The active slot antenna gain is 24 ± 2. 
